Background-Duchenne muscular dystrophy (DMD) is an inherited disease characterized by early onset of skeletal muscle degeneration and progressive weakness. Although dilated cardiomyopathy may occur during adolescence, it is often undetected early in its course because of physical inactivity and generalized debilitation. The purpose of this study was to apply the technique of cardiac magnetic resonance (CMR) tagging to detect occult cardiac dysfunction in young subjects with DMD by measuring myocardial strain and torsion. Methods and Results-Thirteen DMD pediatric subjects without clinically apparent heart disease and 9 age-matched healthy males were recruited. Each was scanned on a 1.5-T clinical scanner to acquire contiguous short-axis planes from the apex to the mitral valve plane and then 3 tagged images at base, midventricle, and apex. Global and segmental myocardial net twist and circumferential strain were computed with the use of 2D homogeneous strain analysis. Ventricular torsion was computed by normalizing net twist by the distance from apex to mitral valve plane. DMD patients exhibited normal left ventricular volumes and ejection fractions but manifested reduced midventricular and basal cross-sectional global circumferential strain compared with the reference group (PϽ0.005). These alterations also appeared in segmental analyses in the septal, anterior, lateral, and inferior walls (PϽ0.05). Conclusions-In patients predisposed to cardiomyopathies because of dystrophinopathy, occult regional cardiac dysfunction can be diagnosed with CMR tagging. This method of strain imaging analysis may offer a sensitive approach for delineating the presence and progression of cardiovascular disease and for assessing therapies designed to modulate the onset and course of heart failure.
T he dystrophinopathies comprise a group of X-linked genetic diseases that feature dystrophin deficiencyDuchenne muscular dystrophy (DMD), Becker muscular dystrophy, and X-linked dilative cardiomyopathy. Each is characterized by progressive weakness and wasting of skeletal, smooth, and cardiac muscle but without primary structural abnormalities in the lower motor neuron or other neuromuscular process. [1] [2] [3] [4] DMD is the most severe dystrophinopathy, and with an incidence of 1:3500 male births, it accounts for Ͼ80% of the dystrophinopathies. [3] [4] [5] Cardiac manifestations include cardiomyopathy, conduction system dysfunction, eventual heart failure, and sudden death. Approximately 96% of DMD subjects will develop evidence of cardiomyopathy during adolescence. 1, 4, 6 Although dilated cardiomyopathy may initially occur during adolescence, it is often detected late in its course because of physical inactivity and generalized debilitation. Because the risk of mortality and morbidity secondary to pulmonary causes has declined as a result of advances in respiratory therapy, cardiomyopathy is emerging as a common cause of death in DMD patients. 1, 7 Given the manifold challenges for both early detection and quantitative assessment of cardiac deficiency in these patients, we hypothesized that cardiac magnetic resonance (CMR) imaging might offer a more sensitive, noninvasive approach for phenotypic characterization of occult functional features of DMD cardiomyopathy. "MRI tagging" approaches enable accurate and rapid measurement of regional transmural myocardial deformation over the entire cardiac cycle. 8 -10 This technique involves selective manipulation of tissue magnetization to create transient deformable markers, or "tags," that uniquely depict complex intramyocardial kinetics in the contracting heart. Analysis of tag deformation to delineate abnormal tissue strain patterns could serve to quantify preclinical features of cardiac dysfunction. Such an approach might foster earlier application of clinical regimens to prevent cardiac dysfunction rather than delaying intervention until the appearance of signs such as ventricular dilatation and reduced ejection fraction that typify the later stages of DMD.
We conducted a pilot study to characterize cardiac function with the use of CMR in a cohort of young outpatients with classic musculoskeletal signs of DMD but without apparent clinical cardiac dysfunction compared with an age-matched reference cohort. Routine CMR and tagging were performed expeditiously in these unsedated boys, revealing normal global cardiac function according to traditional measures of ejection fraction and cavity anatomy. However, tagging analysis revealed marked changes in cardiac tissue kinetics that may serve as harbingers of incipient cardiac failure and suggest a strategy for earlier evaluation and treatment and closer follow-up for the purpose of preventing progressive cardiac deterioration.
Methods

Patient Recruitment
Thirteen patients confirmed to have DMD by biopsy, elevated creatine kinase, or DNA analysis but without known heart disease were recruited from the Neuromuscular Clinic at Washington University in St Louis, Mo, by one of the authors (A.M.C.) without prior knowledge of ventricular function. Nine age-matched healthy males were recruited independently by staff members of the Cardiovascular Magnetic Resonance Laboratory from a population of children who were relatives or friends of the authors without prior knowledge of their cardiac function. An attempt was made to recruit patients of approximately the same age as the DMD patients. These patients were enrolled in the study over a 20-month period. General exclusion criteria included the presence of metal parts, such as shrapnel, permanent cardiac pacemakers, metal splinters, or other general contraindications to MRI, although none of the DMD or healthy reference subjects actually were excluded for these reasons. All subjects were under the age of 18 years, and eligibility criteria (besides age and DMD) included only a willingness to undergo an MRI examination. Physical and clinical characteristics are listed in Table 1 . Written informed consent was obtained from each parent before the study, which was approved by the institutional review board of the Washington University Medical Center.
DMD subjects unable to walk without assistance underwent pulmonary function testing as part of their management. Musculoskeletal strength in both upper and lower extremities was routinely measured during clinic visits. Medication history, particularly corticosteroid use, was reviewed for each patient.
Magnetic Resonance Imaging
MRI experiments were conducted on a 1.5-T Intera whole-body MR system (Philips Medical Systems). Cine images of contiguous nonoverlapping short-axis planes from the mitral valve plane to the apex were obtained with the use of an ECG-triggered gradient-echo sequence. Acquisition variables were as follows: repetition time, 3.3 ms; echo time, 1.65 ms; flip angle, 50 degrees; field of view, 400 mm; acquisition matrix, 256ϫ256; and slice thickness, 12 mm.
To describe the regional and global motion of the myocardium, a set of 3 tagged images was acquired. Apical, midventricular, and basal short-axis slices were tagged by applying 2 orthogonal spatial modulations of magnetization (SPAMM) pulses at end-diastole, which yielded tag grid spacing of 6 mm. Tag displacement was tracked throughout the cardiac cycle by acquiring gradient echo cine images. Imaging variables included the following: repetition time, 25 ms; echo time, 5 ms; flip angle, 13 degrees; field of view, 330 mm; acquisition matrix, 256ϫ256; and slice thickness, 8 mm. Tagging throughout the entire cardiac cycle required 20 frames.
Data Analysis
Images were analyzed with the use of a MATLAB-based computer program developed in our laboratory that quantified 2D regional wall motion within the myocardium. 11 Epicardial and endocardial borders were manually and interactively traced throughout the entire cardiac cycle (starting at end-diastole) in each temporal frame of the cine images with the B-spline method. 12 The left ventricle was divided into 4 regions: anterior, lateral, inferior, and septum. Segmental ventricular wall thickness also was calculated.
To determine regional myocardial wall motion, tagging lines and intersection tagging points were semiautomatically traced throughout the cardiac cycle. The myocardium was then partitioned into nonoverlapping triangular elements with sets of adjacent tag points used as vertices. 13 The deformation of each triangle defined regional wall motion across the ventricular short-axis plane by using finite element methods to quantify left ventricular twist, circumferential shortening, and circumferential strain.
Twist was defined as the rotation angle of the centroid of the triangular element about the left ventricular cavity center; positive angle indicated clockwise twist as viewed from the base. Under the assumption that the myocardium was homogeneous locally, the 2D Lagrangian strain tensor was calculated for each triangular element. The strain tensor was subsequently transformed to a local coordinate system to yield the circumferential strain. By convention, negative circumferential strain denoted shortening in the circumferential direction. Ventricular torsion was obtained by normalizing overall twist (apex minus base) by the distance from apex to mitral valve plane.
Left and right ventricular ejection fractions for all subjects were calculated by tracing the end-diastolic and end-systolic endocardial contours from CMR functional scans with the cardiac analysis package on the Philips EasyVision workstation. The analysis follows the standard methods previously reported from our laboratory and others. 14, 15 For left ventricular mass, epicardial and endocardial contours for each contiguous slice were used to calculate myocardial volume (determined at end-diastole from Simpson's rule) and then multiplied by myocardial density (Ϸ1.05 g/cm 3 ) to obtain mass.
Statistical Analysis
All statistical analyses were performed with the use of the procedures of the SAS Institute. Unpaired Student t test was used to assess differences in the means between groups where appropriate. The effects of the cardiac contractile dysfunction were tested by repeatedmeasures ANOVA to account for potential within-subject correlations of circumferential strain across apical, midventricular, and basal cross sections (global and regional: anterior, septal, inferior, and lateral). Receiver operator characteristic (ROC) analysis was performed to define suitable values for the detection of abnormal ventricular strain. Mean and SD for the variables of interest were determined for both groups, and probability values Յ0.05 were considered significant. 
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Results
Subject Characteristics
No significant differences in age or physical characteristics were noted between the DMD and reference groups (Table 1) . Only 3 of 13 DMD subjects were unable to walk without assistance. Pulmonary function tests were conducted in these 3 patients, and they exhibited mild respiratory impairment according to reduced forced expiratory volume in 1 second (FEV 1 ) values. Each DMD subject had sufficient skeletal muscle strength to perform upper and lower body exercises during the course of strength testing. All but 2 DMD subjects were on oral corticosteroid therapy at the time of testing (on the basis of conventional practice procedures) to retard musculoskeletal deterioration.
Routine Indices of Global and Regional Cardiac Function
As displayed in Table 2 , the resting heart rate of DMD subjects exceeded those of the age-matched reference patients by almost 20% (94 versus 78 bpm; PϽ0.005). However, heart rate was not found to be a significant covariant for the strain values by the general linear modeling test for slopes 0 (Pϭ0.61). Systolic blood pressures between the groups were similar (109Ϯ14 versus 102Ϯ9 mm Hg for DMD versus reference; Pϭ0.16), representing equal systolic loading conditions for the ventricle, whereas the diastolic pressures were mildly higher but still normotensive for the DMD patients (66Ϯ11 versus 52Ϯ7 mm Hg for DMD versus reference; PϽ0.003). Left ventricular end-systolic and end-diastolic volumes, left ventricular mass, and left ventricular ejection fraction (all normalized by body surface area) were similar for both groups (PϭNS), as were right ventricular end-systolic and end-diastolic volumes and right ventricular ejection fraction (PϭNS). Wall thickness and regional thickening (normalized by body height, weight, or body mass index) also did not differ among the 2 groups (PϭNS; data not shown), indicating that functional abnormalities were not apparent in typical clinical indices of left ventricular cardiac performance. Left ventricular eccentricity, the ratio of left ventricular diameter lengths, was also equivalent (Ϸ0.8), indicating that ventricular morphology was similar. Figure 1 illustrates that DMD patients manifest reduced peak segmental (ie, apex-midventricle-base) circumferential strain in midventricular and basal ventricular cross sections compared with the reference group (PϽ0.005). These alterations also were apparent in global and regional (septal-anteriorlateral-inferior) data, as illustrated in Figure 2 . The group differences in global circumferential strain (ie, for average circumferential strain of DMD versus reference patients) were highly significant (Fϭ9.15; Pϭ0.0067) by repeatedmeasures ANOVA. A trend toward heterogeneity of regional circumferential strain values (anterior, septal, inferior, and lateral) was manifest within the hearts of individual patients, although it did not quite attain significance (Fϭ3.05; Pϭ0.0696). For individual regions across the patient groups, the septal, anterior, and lateral segments differed statistically (Pϭ0.015, 0.0246, 0.0052 for septal, anterior, and lateral segments, respectively), whereas the inferior wall indicated a trend toward heterogeneity (Pϭ0.0992).
MRI Tagging-Based Indices of Ventricular Function: Myocardial Strain
Myocardial Torsion
No significant differences in peak myocardial torsion were observed between the 2 groups ( Figure 3 ).
Stratification of DMD Subjects
Disease progression and medication regimen were initially hypothesized as potential determinants of abnormal cardiovascular function and/or myocardial deformation characteristics. Clinical cardiac dysfunction or altered myocardial deformation was not associated with corticosteroid use, ambulatory status, or musculoskeletal strength in DMD subjects.
Sensitivity and Specificity
ROC analysis of the relevant midventricular and basal circumferential strain data ( Figure 4 ) indicates an area under the curve of Ϸ0.89. A circumferential strain value of Ϫ0.165 for the combined midwall and basal data results in sensitivity of 81% and specificity of 89%.
Discussion
Dystrophin is a cell membrane-associated protein located within the sarcolemma of both cardiac and skeletal muscle cells and serves multiple functions important to the maintenance of structural integrity and cardiac dynamic function. It provides structural support to the cells. 5, 16, 17 As a component of the dystrophin-glycoprotein complex within the sarcolemma, dystrophin serves an important role in the transduction of physical forces in striated muscle. 17 Dystrophin also contributes to signaling within cardiac and skeletal muscle cells as its presence within the dystrophin-glycoprotein complex enables molecules such as neuronal nitric oxide synthase and voltage-gated sodium channels to attach onto this complex. Dystrophin is known to interact with calmodulin, a regulator of calcium-dependent kinases and hence contractility. Additionally, dystrophin is involved with regulating intramuscular blood flow, which has been shown in the mdx mouse to be associated with either the production or transmission of an intracellular signal from muscle fibers to the vascular endothelium. 18 Given these critical roles, it is not surprising that Ͼ20% of patients with DMD die of cardiac disease, generally during early adulthood. 4, 19 The present data represent the first demonstration of a sensitive and specific method to quantify the incipient deleterious effects of this disease on cardiac function at the tissue level, well in advance of the emergence of overt cardiovascular signs and symptoms. DMD patients frequently present with clinical cardiac symptoms at age Ͼ15 years, with the majority reporting cardiovascular symptoms when they are aged Ͼ18 years. 4 In this report, the use of CMR tagging allowed delineation of occult cardiac involvement in a cohort whose average age was only 11 years. Despite the presumed challenges of imaging these affected individuals, we observed that most of these patients and their families are highly motivated and that cardiac imaging could be accomplished with excellent patient cooperation and satisfaction.
The DMD subjects exhibited decreased global, segmental, and regional circumferential strain (Figures 1 and 2) . Three of 4 regions manifested significantly decreased circumferential strain, as did the basal and midventricular segments by repeated-measures ANOVA. In contrast to the present findings, previous investigations with standard echocardiography and radionuclide imaging have reported the primary defects of cardiac involvement in DMD to reside within the inferior 20, 21 or posterolateral walls. 22 The reason for this difference most probably reflects the enhanced sensitivity of CMR for detecting widespread but subtle changes of intramural contractile function, which are interpretable only at regional or global levels with the use of alternative technologies.
It is possible that Doppler tissue velocity imaging and strain rate imaging could offer additional sensitivity for such diagnosis at the tissue level in the future. 23 Indeed, a recent report from Chetboul et al 24 indicates that preclinical detection of reduced strain rate, or myocardial tissue velocity, in the posterior wall of Golden Retriever dogs, a congenital dystrophinopathy and a model for DMD, is possible with tissue Doppler imaging of segments accessible to ultrasound. In these cases, the left ventricular ejection fraction and fractional wall shortening values also were not statistically different despite the reduced segmental velocities. Although the tissue Doppler data are not strictly comparable to the MRI tagging information because they report strain rate rather than absolute strain magnitude, the 2 studies are consistent in their detection of the early manifestations of abnormal strain indexes that precede any detectable changes in wall thickening or ejection fraction. Because MRI is known to be the more reproducible method for defining left ventricular ejection fraction in humans, we have used the most robust measure available for comparison with the intramural strain data. 15 Certain features of myocardial function, such as torsion, are well preserved, whereas others, specifically circumferential strain, exhibit early abnormalities that may presage eventual heart failure. It is possible that the ability of the heart to maintain ventricular torsion results in preserved global ventricular function for some time, despite the concurrent appearance of early cardiac dysfunction. We did not measure 3D strain indexes by tagging and therefore cannot comment on alternative fundamental mechanisms of contractile compensation that might preserve torsion and global ventricular function in the face of mild decrements in other fiber strain values. As the disease progresses, myocytes are replaced with increasing amounts of connective tissue as the adaptive repair of dystrophic sarcomeres becomes less efficient. 16 The gradual loss of sarcomeres results in unfavorable changes in myocardial contractility, as manifested by decreased circumferential strain early, decreased torsion later, and eventually decreased ejection fraction and clinical heart failure.
Cardiomyopathy Detection and Surveillance
Most of these patients were undergoing therapy with corticosteroids in an attempt to preserve skeletal and respiratory muscle strength. It is also possible that preservation of left ventricular function was achieved by steroid therapy, which could form the basis for additional hypothesis testing with the use of the quantitative CMR tagging methods to follow therapy aimed at maintaining cardiac function. Although stratification did not reveal differences in DMD subjects on versus off steroids in terms of cardiac function, our study was not designed a priori or appropriately powered post hoc to elucidate these effects. Nevertheless, Ishikawa et al 1 and Ramaciotti et al 25 investigated the relationship of neurohormonal activity to the extent of cardiomyopathy in DMD patients with the former demonstrating that angiotensinconverting enzyme inhibitors and ␤-blockers can reverse signs and symptoms of congestive heart failure in this group. Mori et al 26 found that the technique of integrated ultrasound backscatter (IBS) could detect early evidence of cardiomyopathy in DMD patients as both the magnitudes of cyclic variation and IBS intensity are reduced in DMD patients. Suwa et al 27 reported that myocardial IBS intensity could be used to predict the degree of myocardial fibrosis and the response to ␤-blocker therapy in DMD patients. Recent data from Vatta and associates 17, 28 further illustrate the potential for reversing the loss of cardiac dysfunction that accompanies other forms of heart failure with the use of afterload-reducing ventricular assist devices.
Study Limitations
Although significant differences were observed in circumferential strain when DMD subjects were compared with agematched reference patients in this study, these findings were subtle. Caution should be exercised in applying these particular criteria to the diagnosis of DMD cardiomyopathy in the general population, however, since the current group of patients was being treated with steroid therapy, which might attenuate the differences in strain. In addition, in view of the modest sample sizes in this pilot study, we may have been statistically underpowered to detect moderate differences between true means of populations from which these samples were drawn. Accordingly, an examination of a larger group of untreated patients would be required to provide generally predictive strain values.
The blood pressure measurements in the DMD versus reference patients revealed no differences in systolic afterloading conditions, but diastolic pressures were slightly higher but within normal limits, perhaps as a result of the steroid use. Although reduced "circumferential shortening" has been reported for frankly hypertrophic ventricles in patients with systolic/diastolic hypertensive hypertrophy, 29 the left ventricular mass was normal in these DMD cases, as was the afterload. Thus, the potential impact of pure preload alterations on systolic mechanics and active tissue strain in DMD patients without left ventricular hypertrophy is difficult to assess but should be kept in mind.
The average age of these DMD subjects was 11 years, whereas DMD subjects reportedly do not exhibit clinical cardiovascular compromise until approximately the age of 15 years by other criteria. 19 Regional wall motion abnormalities, ventricular dilatation, and decreased left ventricular function have been reported in older patients with the use of echocardiography. 20, 30, 31 Future studies of myocardial strain and torsion in both older and younger populations should help to elucidate the range and heterogeneity of cardiac dysfunction and its exact age dependency. Regardless, the data illustrate the sensitivity of the method for defining early changes throughout the heart that might serve as predictors of eventual heart failure, and as such they would represent important and unique markers applicable for early diagnosis and longitudinal evaluation in individual patients.
Clinical Implications
Because half of DMD carriers have evidence of heart disease leading to death or heart transplantation, 4, 32, 33 CMR tagging could be utilized to detect early cardiac involvement as well as to monitor and quantify the effects of novel therapeutic approaches. For example, therapies such as growth hormone administration in humans 34 or gene therapies to replace dystrophin 35 and utrophin 36 in animal models can be assessed at the cardiac tissue level. We propose that widespread adoption of these methods in future multicenter clinical trials could facilitate discovery of improved treatment strategies for reducing cardiovascular morbidity and mortality in DMD, much as longevity has been extended in the adult population suffering heart failure from other diverse etiologies.
